We present the molecular gas mass fraction (f H2 ) and star-formation efficiency (SFE) of local galaxies on the basis of our new CO(J = 1 − 0) observations with the Nobeyama 45m radio telescope, combined with the COLDGASS galaxy catalog, as a function of galaxy environment defined as the local number density of galaxies measured with SDSS DR7 spectroscopic data. Our sample covers a wide range in the stellar mass and SFR, and covers wide environmental range over two orders of magnitude. This allows us to conduct the first, systematic study of environmental dependence of molecular gas properties in galaxies from the lowest-to the highest-density environments in the local universe. We confirm that both f H2 and SFE have strong positive correlations with the SFR offset from the star-forming main sequence (∆MS), and most importantly, we find that these correlations are universal across all environments. Our result demonstrates that star-formation activity within individual galaxies is primarily controlled by their molecular gas content, regardless of their global environment. Therefore, we claim that one always needs to be careful about the ∆MS distribution of the sample when investigating the environmental effects on the H 2 gas content in galaxies.
INTRODUCTION
Galaxies reside in various environments such as clusters, groups or voids. Galaxy properties are known to be strongly dependent on their surrounding environment. In the local universe, the fraction of early-type galaxies increases with local galaxy density, while that of latetype galaxies decreases (e.g. Dressler 1980; Goto et al. 2003) . The average star-formation rate (SFR) of galaxies also decreases with increasing local galaxy density (e.g. Lewis et al. 2002; Gómez et al. 2003) . These strong correlations between galaxy properties and environment suggest that the environment plays an important role in shaping the nature of individual galaxies. It is believed that accelerated galaxy growth and/or efficient quenching of star formation in high-density environments could explain the environmental difference, but the physical causes (or mechanisms) responsible for the environmental effects are still unclear.
Many physical mechanisms have been proposed to explain the environmental trends, including interaction between galaxies and inter cluster/group medium (ICM), such as ram pressure stripping (Gunn & Gott 1972) or strangulation (Larson et al. 1980) , and galaxy-galaxy interaction such as galaxy harassment (Moore et al. 1998 ), close encounter or major/minor merger (Zablundoff & Mulchaey 1998) . Because all the proposed mechanisms are expected to influence the gas content in galaxies, it is very important to observe atomic (H i) and molecular (H 2 ) gas content in galaxies to understand the environmental effects. For H i gas, many studies investigated the environmental impacts on the H i gas content, showing that H i gas fraction is decreased for star-forming galaxies in cluster environment (Giovanelli & Hynes 1985; Chung et al. 2009; Cortese et al. 2011; Serra et al. 2012 ) and also in group environment (Kilborn et al. 2009; Rasmussen et al. 2012; Catinella et al. 2013; Brown et al. 2017 ).
These findings on the H i deficiency for star-forming galaxies in high-density environments motivate us to study the environmental impacts on their H 2 gas content, which is the more direct fuel for star formation. If the H 2 gas is also reduced by the environmental effects (like H i gas), then the average gas depletion time of those galaxies would become shorter, yielding more rapid consumption of H 2 gas in highdensity environments. In fact, there have been a number of studies investigating the environmental dependence of H 2 gas content with CO observations of nearby galaxy clusters. Some pioneering work has shown that cluster galaxies have amounts of H 2 gas similar to those of the isolated galaxies (Kenney & Young 1989; Casoli et al. 1991; Boselli et al. 1997; Lavezzi & Dickey 1998) . These authors claimed that the environment does not affect the H 2 gas content in galaxies, because the H 2 gas is more strongly bound in the central part of galaxies by the gravitational potential than H i gas. However, some recent studies reported that cluster galaxies are deficient in H 2 gas content, suggesting that the molecular gas stripping takes place in cluster environment (e.g. Fumagalli & Gavazzi 2008; Corbelli et al. 2012; Jablonka et al. 2013; Scott et al. 2013; Boselli et al. 2014) . It is also reported that the cluster environment could enhance the H 2 gas mass fraction (e.g. Nakanishi et al. 2006; Mok et al. 2016 Mok et al. , 2017 . Mok et al. (2016 Mok et al. ( , 2017 propose that the cluster environment could decrease the efficiency of star formation through molecular gas heating or turbulence at the same time, while some other studies suggest an increased star formation efficiency due to the gas compression in cluster galaxies (e.g. Ebeling et al. 2014; Lee et al. 2017) .
In these ways, our understanding of the environmental impacts on the H 2 gas content (and star-formation efficiency) in galaxies is still highly uncertain. The different results (or discrepancy) between different studies probably originate in the different sample selection, different environmental coverage, or insufficient sample size. In particular, most of the previous studies mentioned above attempted to compare the results on cluster galaxies and field galaxies. However, galaxy morphologies and the average star-formation rates are known to change monotonically with environment. A more systematic study covering a wide environmental range from low-to highdensity environment is needed.
It is also important to carefully select the targets for molecular gas (CO) observations. Typical star-forming galaxies exhibit a tight positive correlation between stellar mass (M * ) and SFR; so-called "main sequence (MS)" of star-forming galaxies Elbaz et al. 2007; Noeske et al. 2007) , and it has been shown that both H 2 gas mass fraction (f H2 = M H2 /M * ) and starformation efficiency (SF E = SF R/M H2 ) are strongly dependent on their location in the SFR-M * diagram. Based on the extensive CO galaxy observations of nearby galaxies (COLDGASS survey), Saintonge et al. (2012) demonstrated that both f H2 and SFE significantly increase with the SFR "offset" values from the star-forming main sequence (∆MS), implying that starformation activity is controlled by the molecular gas content in galaxies. It is therefore very important to pay extra attention to the ∆MS range of the sample; otherwise the results can easily be biased due to the different ∆MS range between different samples.
In this paper, we present our new CO observations of nearby star-forming galaxies with the Nobeyama 45m radio telescope (NRO 45m) to cover wide range in ∆MS and environment. By combining our NRO 45m data with the literature data, this work provides the first systematic study on the environmental impacts on the H 2 gas content in galaxies across a wide environmental range.
This paper is organized as follows. In Section 2, we describe our sample selection and our new CO observations with NRO 45m telescope, as well as our supplementary data from the COLDGASS survey. In Section 3, we present our main results on the environmental independence of the H 2 gas mass fraction and SF efficiency at fixed ∆MS, and we compare our results with previous studies. Finally, our conclusions are presented in Section 4. Throughout this paper, we assume the ΛCDM universe with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7, and Kroupa (2001) initial mass function (IMF).
2. DATA
Definition of Environment
In this work, we define the galaxy environment based on the local number density of galaxies calculated by Matsuki et al. (2017) , who computed the local density of 738,143 galaxies selected from SDSS DR7 spectroscopic data (Abazajian et al. 2009 ) within the area of 105
• < R.A. < 270
• and −5 < DEC. < 75
• . The local number density of each galaxy (Σ 5 ) is calculated using the projected distance to the fifth-nearest neighbor galaxy within a velocity window of ±1000 km s −1 , which corresponds to a redshift slice of ∆z = ±0.003, and is expressed as:
where D p,5 is the projected comoving distance to the fifth-nearest neighbor galaxy. To take into account the redshift dependence on the completeness limit of SDSS spectroscopic survey, Σ 5 is normalized by the median density measured within the same velocity window:
Figure 1 (left) shows the density distribution for all the SDSS sample in the above R.A./Dec. range. Our sample covers roughly two orders of magnitude in terms of the local galaxy density. As shown in Figure 1 (left), we divide the sample into five environmental bins (D1-D5) based on the following criteria: log ρ 5 ≤ −0.6 for D1, −0.6 < log ρ 5 ≤ −0.2 for D2, −0.2 < log ρ 5 ≤ 0.2 for D3, 0.2 < log ρ 5 ≤ 0.6 for D4, 0.6 < log ρ 5 for D5. The majority of galaxies are located in D3 bin, while the galaxies in D1 and D5 bins are rare. Figure 1 (middle) shows the distribution of specific SFR (sSF R = SF R/M * ) of galaxies for each environmental bin. This plot demonstrates that our definition of environment works reasonably well, and the relative fraction of passive and star-forming galaxies clearly changes with environment. Figure 1 (right) shows the spatial distribution of galaxies at z = 0.06 − 0.07 on the sky, to visually demonstrate that our local density measurement can robustly trace from rich clusters as well as the filamentary large-scale structures to low-density fields. We note that the previous studies are equivalent to the comparison between D3 and D5 bins.
Sample Selection
The goal of this paper is to understand the environmental impact on the H 2 gas content in galaxies across a wide environmental range. Ideally, the sample should be selected uniformly from D1-D5. Using the SDSS galaxies for which the local density measurements are available, we select the target galaxies for the CO observation with NRO 45m telescope based on the following criteria: 1) To select SF galaxies, we restrict the sample to those satisfying EW Hα > 4Å, and adopt the SF galaxy criteria defied by Kewley et al. (2001) on the BPT diagram (Baldwin et al. 1981) . Here, we also require signalto-noise ratio (S/N) >3 for the four major lines (Hα, Hβ, [NII]6584, [OIII]5007) to compute the line flux ratios.
2) We select the galaxies with z ≥ 0.03 so that the major part of galaxies are covered with a single beam size of NRO 45m telescope. The beam size of NRO 45m at 110 GHz is 15 arcsec, which corresponds to 10 kpc at z = 0.03.
3) We select the galaxies with L IR ≥ 10 11 L ⊙ (i.e. with Luminous Infrared Galaxies (LIRGs) class luminosity), in order to complement the COLDGASS sample which mostly covers the galaxies on and below the SF main sequence (see Section 2.4 for details). The L IR s are computed by Koyama et al. (2015) following Takeuchi et al. (2010) using AKARI far-IR photometric bands (Kawada et al. 2007 ); WIDE-S (90 µm) and WIDE-L (140 µm).
We find 1,568 galaxies satisfying the above criteria, from which we finally select 32 targets (6-7 galaxies for each D1-D5 bin) considering the visibility from the NRO 45m telescope. The properties of our NRO 45m target galaxies are summarized in Table 1 . We note that our sample does not necessarily cover very rich cluster environments, but we stress again that our main aim here is to "bridge" previous studies focusing on cluster and field environments, by applying a continuous environmental coverage from low-to high-density environments quantified with the local galaxy density.
Observation and Data Reduction
We performed 12 CO(J = 1 − 0) observations of 32 galaxies during the period from December to February in the 2015/2016 semester using the NRO 45m telescope (CG151005: Y. Koyama et al.) . The CO emission line of the rest-frame 115.271 GHz is shifted to 99.372 -111.914 GHz according to the redshifts of our sample. We used a two-beam, two-polarization, sidebandseparating SIS receiver, TZ (Nakajima et al. 2013) , and a copy of a part of the FX-type correlator for the Atacama Compact Array, SAM45 (Kamazaki et al. 2012) . Typical on-source integration time was 1.5 hours for each galaxy. During the observation, the pointing accuracy was checked every hour by observing SiO maser sources at 43 GHz. The image rejection ratio (IRR) was measured for each target and for each observing date, and the IRR values were 5 -30 dB at the center of the intermediate frequency. The system noise temperature (T sys ) of our observation ranges between 100 -540 K with the median T sys value of 150 K.
The flux calibration was performed by the chopper wheel method and the measured IRR scaling factor (f ):
The main beam temperature (T mb ) was calculated by T mb = T * a /η mb , where T * a is the antenna temperature. The main beam efficiency (η mb ) during the semester was • < R.A. < 270
• computed by Matsuki et al. (2017) . In this paper, we define the environment based on ρ5, and our definition of D1-D5 environment bins are shown with different color shades in this diagram. (middle): The relative frequency of sSFR for each environmental bin. (right): The spatial distribution of the sample galaxies at z = 0.06 − 0.07 on the sky. In all the panels, the color coding indicates different environmental bin (redder colors indicate higher-density environment).
0.44 according to the NRO website 1 . Data reduction was performed by using the NEW-STAR software, which was developed by NRO based on the Astronomical Image Processing System (AIPS) package. We used the observed data with wind velocities of < 5 m s −1 , pointing accuracy better than 5 ′′ , T sys better than 300 K, and IRR values larger than 7 dB. We also extracted the data with the rms noise temperature levels of (T rms ) > 0.045 K in the T mb scale at a velocity resolution of 200 km s −1 to exclude bad baseline spectra. Then, we subtracted baselines by linear fitting and sum up for both polarizations. After binning up to 40 km s −1 resolution, we calculated the integrated intensity I CO according to I CO = T mb dv. The error in I CO was calculated according to T rms √ ∆V e ∆v, where ∆V e is the full line width of CO spectra. The T rms at the velocity resolution of ∆v = 40 km s −1 is 2.1-8.5 mK(T mb ) for our targets. We detected CO emission line from all the target galaxies with the signal (peak temperature) -to-noise (rms) ratio (S/N) of 3 -17. Finally, we calculate the CO luminosity (L ′ CO ) based on the following equation:
where Ω b is the beam solid angle of θ mb , and D L is the luminosity distance. The observational results are summarized in Table 2 , and the observed CO spectra are shown in Figure 2 .
COLDGASS Sample
In this study, we also use the CO data of nearby galaxies publicly available from the COLDGASS survey (Saintonge et al. 2011 (Saintonge et al. , 2012 . The COLDGASS is 1 http://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/eff_latest.html one of the most extensive extragalactic CO surveys performed with the IRAM 30m telescope for 366 galaxies in the redshift range of 0.025 < z < 0.05.
Because the COLDGASS sample is drawn from SDSS, we can measure their local density in the same way as our sample. We note that the COLDGASS survey is not originally designed to cover a wide environmental range, and so it tends to lack galaxies in the high-and low-density environments (such as D1 or D5 in our definition). In addition, most of their samples are located on or below the MS relation, and the number of galaxies above the MS is limited. Our NRO 45m sample is therefore complementary to the COLDGASS sample with these respects.
We only use the COLDGASS sample with CO detection with S/N > 5, for 169 of which we have the local galaxy density measurement. We find that one target in our NRO 45m sample overlaps with one of the COLDGASS sample, and we confirmed that our CO intensity measurement is consistent with the COLDGASS measurement (with the IRAM 30m) within the error (typically 20 %) for this source.
The Final Sample
By combining our new NRO 45m sample and the COLDGASS sample, our final sample includes 203 galaxies in total. The redshift range is z = 0.025 − 0.16. We note that there is a possibility that ρ 5 does not probe the physically same environment across this redshift range. Because, ρ 5 may vary depending on the stellar mass limit used for density calculation, particularly when the stellar mass distribution depends on the environment. In this study, we used all galaxies selected from a relatively wide redshift range to have a sufficiently large sample size across all environments, however we confirmed that our conclusions do not change Figure 2 . The CO spectra of galaxies derived with our NRO 45m observations. The CO flux of each galaxy is calculated by summing the intensity within the velocity range colored in yellow. Their physical properties are summarized in Table 1. even if we restrict the sample to those within a narrow redshift range (e.g. z = 0.025 − 0.05).
We calculate the molecular gas mass (M H2 ) with M H2 = α CO L ′ CO , where α CO is the CO-to-H 2 conversion factor. We adopt the Galactic value of α CO = 4.3 M ⊙ (K km s −1 pc 2 ) −1 , which includes the contribution of heavy elements (mainly from helium), as commonly used in studies of star-forming galaxies in the local universe (Bolatto et al. 2013 ). Here we assume the fixed α CO value as many studies, although the α CO may be different in starburst (i.e. high L IR ) galaxies (e.g. Solomon et al. 1997 ). However, we verify that our results on the environmental dependence are not affected even if we adopt the variable conversion factors.
For the final sample, we use SFR and M * from the SDSS value-added catalog by Max Plank Institute for Astrophysics and Johns Hopkins University (MPA/JHU) group 2 for all galaxies. We use SFR SDSS for all the galaxies, although we originally selected the NRO 45m sample based on L IR (see Section 2.2), because it is not possible to estimate L IR for many of the COLDGASS sample with low SFR due to the detection limit of the AKARI FIR data. There may be a small systematic offset between SFR IR and SFR SDSS (by ∼0.3-dex level), as reported by some recent studies (e.g. Lee et al. 2013) , but the results presented in this study based on relative comparison between different environments is not affected.
As exception, we replace SFR SDSS s with the SFR IR s (see Table 1 ) regarding two of our (FIR-detected) NRO 45m targets. They show unrealistically small SFR SDSS s; their SFR SDSS s are two orders of magnitude smaller than SFR IR because of the wrong SDSS fiber position. We note that our results do not change even if we exclude these two galaxies from our analysis. Figure 3 shows the distribution of the final sample on the M * -SFR plane in each environmental bin. As shown in this plot, the COLDGASS samples (diamonds) are distributed mainly below the MS relation, while our NRO galaxies (circles) are distributed on/above the MS relation. The distribution of all the SDSS samples significantly changes with environment (see gray contours in each panel), but we stress again that the aim of this work is to cover a wide range in M * , SFR, and environment, and to test the environmental dependence of galaxy properties at a fixed position on the M * -SFR plane.
RESULTS & DISCUSSION

M H2 -SFR Relation in Different Environments
2 http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/ First, we investigate the environmental dependence of the correlation between M H2 and SFR, which is the fundamental correlation describing star formation (Kennicitt 1998). Figure 4 shows the M H2 -SFR relation for galaxies in each environmental bin. To compare the distribution in different environments, we first fit the data points in the D3 bin (i.e. the most "general" environment) by the liner regression form of y = A + Bx, where y is substituted by log SF R/M ⊙ yr −1 and x is substituted by log M H2 /M ⊙ , by using the Ordinary Least-Squares (OLS)-Bisector method. The gray dotted line in each panel of Figure 4 shows the best-fitting result for D3 bin. We then measure the distance in the orthogonal direction to this best-fitted line for each galaxy, and perform the two-sample Kolmogolov-Smirnov (KS) test between D1/D2/D4/D5 and D3 samples KS plots are shown in Appendix A). The derived p-values, the probabilities that the D1/D2/D4/D5 and D3 samples are drawn from the same parent population, are summarized in Table 2 . Their p-values are >0.1 in all cases, suggesting that we cannot rule out the hypothesis that M H2 -SFR relations are different between different environments. Therefore, we conclude that the M H2 -SFR relation does not significantly depend on the environment; i.e. the star-formation law is universal across environments.
3.2. Environmental Independence of f H2 and SFE at fixed ∆MS As mentioned in Section 1, it is reported that f H2 and SFE are strongly correlated with ∆MS. In this subsection, we study the ∆MS-f H2 and ∆MS-SFE correlation for each environmental bin, to test the environmental dependence of the f H2 and SFE at fixed ∆MS. Our aim here is to understand whether or not galaxies having the same star-formation activity, but existing in different environments, have the same amount of H 2 gas and are forming stars with the same efficiency. It is well established that the MS relation changes with redshift, but there is no measurable change within the redshift range of our sample (z = 0.025 − 0.16) (Speagle et al. 2014) . Furthermore, the MS relation does not significantly change with the environment as reported by many recent studies (Peng et al. 2010; Koyama et al. 2013) , and thus we simply define the ∆MS for all galaxies in our sample as the SFR offset value from the MS at z = 0:
where SF R MS denotes the SFR of galaxies on the MS relation at a given M * . We adopt the MS relation in the local universe defined by Elbaz et al. (2007) as follows:
log SF R MS = 0.77 log M * − 7.53, 11.22 9.05± 0.49 9.34± 0.13 9.98± 0.13 Figure 3 . SFR-M * diagram for each environment (D1-D5). The filled circles show our NRO45m sample, and the filled diamonds show the sample from COLDGASS with CO detection. The solid line drawn in all the panels shows the main sequence relation in the local universe reported by Elbaz et al. (2007) , and the broken lines show its 1-σ scatter. The gray contours show the distribution of all the SDSS sample for each environmental bin. as shown with the solid line in each panel of Figure 3 . We note that our conclusions are unchanged even if we separately define the MS for each environment. We show the ∆MS-f H2 and the ∆MS-SFE correlation for each environmental bin (D1-D5) in Figure 5 and Figure 6 , respectively. It can be seen that there exist strong ∆MS-f H2 and ∆MS-SFE correlations in all environmental bins, and more importantly, there is no significant difference between different environments. As we did in Figure 4 , we first fit the data points in D3 bin by a linear regression form of y = A + Bx, where y is substituted by log f H2 (and log SF E), and x is substituted by the ∆MS. We then perform the KS tests for the residual distributions as we did in the previous section (KS plots are shown in Appendix A), and we confirm that their p-values are >0.1 in all cases as summarized in Table 2 , suggesting that we cannot rule out the hypothesis that all the environmental subsamples are drawn from the same parent population.
Overall, our results revealed that galaxies having the same star-formation activity (∆MS), but existing in different environments, have the same amount of H 2 gas and are forming stars with the same efficiency. This is the most important result of this study, and this is the answer to the original question raised at the beginning of this section.
The environmental independence of the ∆MS-f H2 (or -SFE) correlations suggest that most galaxies are located on the same ∆MS-f H2 (or -SFE) correlation, with very few galaxies being scattered from the sequence. This implies that galaxies (in all environments) must evolve by moving along this sequence; i.e. if a galaxy loses a fraction of its molecular gas content (due to some environmental effects), the star-formation activity needs to be "adjusted" accordingly in relatively short time scale to come back onto the original ∆MS-f H2 (or -SFE) correlation. 
Comparison with Previous Studies
Many studies have discussed the environmental impacts on the molecular gas content in galaxies, mainly by comparing CO data of cluster and field galaxies as described in Section 1. We recall that the goal of this study is to extend and complement these earlier studies by performing a CO galaxy survey by covering a wide environmental range. In this study, we achieved this goal by combining our new CO data from NRO 45m observations (Section 2.3) and COLDGASS survey (Section 2.4), and we demonstrated that the ∆MS-f H2 and ∆MS-f H2 correlations known for field galaxies (e.g. Saintonge et al. 2012) are universal across all environments. Here, we provide some implications for the environmental impacts on the H 2 gas content in galaxies based on our findings, as well as on previous studies.
As we mentioned in Section 1, many studies have investigated the environmental effects on the molecular gas content in various types of galaxies using CO observations. For example, Kenney & Young (1989) , Casoli et al. (1991) and Lavezzi & Dickey (1998) performed CO observations of nearby cluster galaxies selected with B-band or far-IR luminosities. These studies suggest that the H 2 gas content (f H2 ) in galaxies is the same between cluster and isolated galaxies, but it should be noted that the B-band and far-IR selections are sensitive to the current/recent star formation, so that their samples tend to be biased to actively starforming galaxies. On the other hand, more recent studies by Fumagalli & Gavazzi (2008) , Scott et al. (2013) and Boselli et al. (2014) showed that cluster galaxies tend to have lower H 2 gas mass fraction on average than isolated galaxies. Their galaxy samples are optically selected, which tends to be less biased to recent star formation.
In our current work, we demonstrated that the f H2 is constant at fixed ∆MS in all environments, suggesting that the average f H2 of each environmental subsample should be determined by the average ∆MS of the sample. Because the original ∆MS distribution for all galaxies is shown to be significantly dependent on environment (see the middle panel of Figure 1 or the contour of Figure 3) , it is not surprising to see the trend that f H2 (or SFE) tends to be lower in higher-density environments, if the galaxies are selected randomly from each environment without considering their ∆MS distribution. We therefore speculate that the apparently different suggestions made by different authors regarding the environmental impacts on the molecular gas content in galaxies can be interpreted as being due to their different sample selection. We emphasize again that the H 2 gas content in galaxies is the main driver of star formation in galaxies regardless of their global environment, and so our results may leave an important message for all studies discussing the environmental effects on the molecular gas content in galaxies; i.e. one always needs to be careful about how one selects the sample when investigating the environmental effects on the H 2 gas content in galaxies.
We finally comment that, although we attempted to cover as wide an environmental range as possible, our sample does not fully cover the highest-density rich cluster environment. Our "D5" environment seems to correspond to a relatively wide environmental range from clusters to the filamentary structures (as demonstrated in Figure 1-right) . Recent studies by Mok et al. (2016 Mok et al. ( , 2017 demonstrate that the spiral galaxies in the Virgo cluster have larger amount of M H2 and longer gas depletion time (M H2 /SF R) than field/group galaxies, claiming that the cluster environment affects the efficiency of star formation through molecular gas heating or turbulence. On the other hand, some studies suggest that ram pressure in rich cluster environments compresses the gas in galaxies, and can enhance the star formation in the cluster member galaxies (e.g. Ebeling et al. 2014; Lee et al. 2017) . In these ways, the effect of rich cluster environments on molecular gas content in galaxies is still under debate, but it is possible that galaxies in extremely rich environments could deviate from the ∆MS-f H2 (or ∆MS-SFE) relations. A more comprehensive study, which hopefully covers a wider environmental range with larger samples from the lowest-to highestdensity environments, is needed to fully understand the effect of such extreme environments.
CONCLUSION
In this paper, we present the environmental effects on the H 2 gas mass fraction (f H2 ) and star-formation efficiency (SFE) of local galaxies, based on our new CO(1-0) observation at the NRO 45m telescope and the data from COLDGASS survey. Our final CO(1-0) sample covers a wide stellar mass and SFR range, and also covers a wide environmental range over two orders of magnitudes in the local number density of galaxies measured with SDSS DR7 spectroscopic galaxy sample. Our findings are summarized as follows.
1) The correlation between M H2 and SFR, the socalled "integrated Kennicutt-Schmidt law", does not significantly depend on their surrounding environment; i.e. the star-formation law is universal across environments.
2) Both f H2 and SFE show strong positive correlations with ∆MS, consistent with recent studies, and these correlations are universal in all environments. This result suggests that the star-formation process occurring within individual galaxies is not strongly affected by their global environment, but primarily controlled by their H 2 gas content. The tight ∆MS-f H2 (and ∆MS-SFE) correlation implies that galaxies (in all environments) must evolve by moving along the same sequence.
3) The environmentally independent ∆MS-f H2 correlation revealed in this study leaves an important message for all studies discussing environmental impacts on the molecular gas properties in galaxies. We emphasize that the sample selection, more specifically the ∆MS range of the samples, is critically important for any environmental studies focusing on the H 2 gas in galaxies. To perform a fair comparison between the samples drawn from different environments, the sample should be carefully selected so that there is no bias in the ∆MS range between the samples. The cumulative functions for each environment (D1-D5). From top to bottom panel, we show the cumulative functions corresponding to Figure 4 , 5 and 6. The solid lines show the cumulative functions for each environmental bin, and the broken lines show that for D3 bin for comparison. Because we measure the distance from the best-fitted line defined for D3 sample, the solid line and broken lines are identical for D3 panels by definition.
